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Abstract 9 
Due to a high content of viable seeds, topsoil is usually spread on ground left bare 10 
during railway and motorway construction to facilitate the regeneration of vegetation 11 
cover. However, during handling of the topsoil, seeds are often buried deeply and  they 12 
cannot germinate, or the seedlings cannot emerge from depth. This paper 13 
experimentally explores the predictive value of seed mass for seed germination, 14 
mortality and seedling emergence at different burial depths for 13 common annual 15 
species in semiarid Mediterranean environments. We separate the effect of burial depth 16 
on germination and emergence by means of two experiments. In the germination 17 
experiment, five replicates of 20 seeds for each species were buried at depths ranging 18 
from 0-4 cm under greenhouse conditions. Germinated and empty or rotten seeds were 19 
counted after 8 weeks. In the emergence experiment, five  replicates of four newly-20 
germinated seeds per species were buried at the same depths under controlled 21 
conditionsand emergence was recorded after 3 weeks. The effect of burial depth on 22 
percentage of germination and seedling emergence was dependent on seed size. 23 
2 
 
Although all species showed a decrease in germination with burial depth, this decrease 24 
was greater for small- than large-seeded species. Percentage of emergence percentage 25 
was positively related to seed mass but negatively related to burial depth. Seed mortality 26 
was higher for small- than large-seeded species, but there was no general effect of burial 27 
depth on this variable. Thus, the current practice of spreading 30 cmdeep layers of 28 
topsoil in post-construction restoration projects is unadvisable. In this restoration 29 
scenario thinner layers of topsoil should be used to achieve the maximum potential of 30 
the topsoil for germination and seedling establishment. 31 
 32 
 33 
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 38 
 39 
1. Introduction 40 
 41 
In the ecological restoration of degraded zones such as embankments of linear 42 
infrastructure for roads and railways, a common practice in topsoil handling is to 43 
remove the upper 30-40 centimetres of soil prior to the start of the construction and later 44 
to spread it across areas devoid of vegetation in layers of the same depth (Newman and 45 
Redende 2001; Bote et al. 2005; Tormo et al. 2007; Mola et al. 2011; Rivera et al. 46 
2012). This practice aims to facilitate the regeneration of plant cover due to the high 47 
content of viable native seeds, organic matter, nutrients and microorganisms in the 48 
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topsoil (Grant et al. 1996; Rokich et al. 2000; Holmes 2001; Moynahan et al. 2002; 49 
Tormo et al. 2007; García Palacios et al. 2011; Clewell and Aronson 2013; Rivera et al. 50 
2014). However, the majority of the viable seeds are in the top 2-3 centimetres of 51 
topsoil (Fenner and Thompson 2005; Traba et al. 2006). Handling topsoil in this way 52 
dilutes the seed bank and often leaves the seeds at depths from where they cannot 53 
germinate, or the seedlings cannot emerge because they die before reaching the soil 54 
surface (fatal or suicide germination) (Rivera et al 2012).  55 
 56 
Understanding the relationships between seed size, as an easy-to-measure plant trait, 57 
and seed germination and emergence with burial depth can help to facilitate topsoil 58 
handling strategies that are better suited to the functioning of soil seed banks in 59 
vegetation restoration projects. In the absence of dormancy, seedling emergence 60 
depends on two aspects related to burial depth: 1) seeds require favourable 61 
environmental conditions for germination includingenough water, temperature, oxygen 62 
or light (Thompson and Ooi 2010), and 2) seedlings must grow to reach the soil surface  63 
to become established, and before the growth of a buried seedling consumes seed 64 
reserves (Fenner and Thompson 2005).  65 
Many authors have studied the effect of burial beneath soil or litter on seedling 66 
germination or emergence in farm environments (Grundy and Mead 1998; Grundy et al. 67 
1999; Kidson and Westoby 2000; Oliveira and Norswrthy 2006; Willson et al. 2006; 68 
Davis and Renner 2007), grasslands (Gulmon 1992; Traba et al. 2004; Bu et al 2007, 69 
Wu and Du 2007), woodlands (Peterson and Facelli 1992; Vasquez-Yanes and Orozco-70 
Segovia 1992), sand dunes (Yanful and Maun 1996; Ren et al. 2002; Cordazzo et al 71 
2002; Li et al. 2006) and deserts (Freas 1989; Pivatto et al. 2014). However, the 72 
majority of these studies have focused on one or very few species, and few multispecies 73 
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experiments, wich are  useful for detecting correlates with plant traits, have evaluated 74 
the predictive role of seed mass on germination at different depths (Pearson et al. 2002; 75 
Burmeier et al. 2010) and emergence of seedlings (Bond et al 1999; Benvenuti 2001; 76 
Grundy et al. 2003; Burmeier et al. 2010). Furthermore, most studies that relate seed 77 
depth to emergence have focused on the seedlings that actually emerged rather than 78 
those that germinated but failed to reach the surface (Fenner and Thompson 2005). 79 
 80 
Multispecies experiments have found that seed germination becomes less dependent on 81 
light as seed mass increases (Milberg et al. 2000), and small-seeded species have a 82 
higher survival rate during burial and are less likely to experience fatal germination than 83 
large-seeded species (Burmeier et al. 2010; Rivera et al. 2012).  These results concur 84 
with the hypothesis proposed by various authors that the light response for germination 85 
(Milberg et al. 2000; Jankowska-Blaszczuk and Daws 2007) or the temperature 86 
fluctuation detection mechanism (Thompson et al. 1977; Benech-Arnold et al. 1988; 87 
Ghersa et al. 1992; Liu et al. 2013; Koutsovoulou et al. 2014) can be adaptations to 88 
ensure that small-seeded species only germinate when close to the soil surface. 89 
Furthermore, the fact that species with small seeds tend to form more persistent seed 90 
banks than larger-seeded species (Thompson et al. 1993; Bekker et al. 1998; Peco et al. 91 
2003) and small-seeded species are more likely to survive if they are buried more 92 
rapidly than large-seeded species (see e.g. Burmeier et al. 2010 for flooded systems; 93 
Rivera et al. 2012 for topsoil stockpiles).  94 
 95 
Multispecies experiments also have found that large-seeded species seem to be more 96 
able to emerge when they are buried than small-seeded species. On farmland, for 97 
example, only the seeds near the soil surface were able to germinate and emerge 98 
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(Grundy et al. 2003). In the case of temperate herbaceous species on flood meadows, 99 
large-seeded species are able to emerge from greater depths and experienced less depth-100 
mediated growth inhibition than small-seeded species (Burmeier et al. 2010). Both 101 
conditions are related to the greater potential for large seeds to develop large seedlings 102 
because they have greater reserves (see also Bond et al. 1999, who propose a predictive 103 
model of maximum depth for emergence based on seed mass). 104 
 105 
Knowledge of the effect of seed mass in the response to artificial burial derived from 106 
topsoil handling during vegetation cover restoration is particularly relevant in semiarid 107 
Mediterranean environments because the vegetation is mainly composed of annual 108 
plants which regenerate from the seed bank each autumn. These seed banks contain a 109 
huge number of viable seeds (Levassor et al. 1990; Russi et al. 1992; more than 100,000 110 
per m2 in Ortega et al. 1997), although the majority of seeds for most species are in the 111 
top few centimetres (Traba et al. 2006).  112 
 113 
With respect to  burial depth, Traba et al. (2004) analyzed the emergence capacity of 114 
Mediterranean grassland seed banks artificially buried at different depths. They found 115 
that most species were unable to emerge when buried deeper than 1 cm, although their 116 
study did not determine the number of viable seeds available for germination. 117 
Experimental analysis in this type of environment also has investigated the effect of 118 
topsoil storage time on seed survival, germination and mortality (Rivera et al. 2012). It 119 
was found that after 6 months of topsoil storage, the viable seed bank was reduced by 120 
up to 60%, particularly in the case of large seeds (Rivera et al. 2012). One of the causes 121 
of this reduction was the germination of buried seeds of large-seeded species as a result 122 
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of their lack of burial detection mechanisms such as response to light or diurnal 123 
temperature fluctuation, which are common in small-seeded species.  124 
In this study, we explore the importance of seed mass in the prediction of two processes 125 
related to seedling emergence after artificial burial: germination and the ability of the 126 
hypocotyl to reach the soil surface. Specifically, we aim to a) evaluate the response of 127 
seed germination and mortality to burial depth, and b) analyze the emergence ability of 128 
newly-germinated seedlings from different depths.  129 
 130 
We conducted experiments under controlled conditions on 13 abundant annual species 131 
which form a gradient of seed mass. Our hypotheses were: 132 
 133 
1) Germination of small-seeded species shows a greater dependence on burial 134 
depth than that of large-seeded species due to more effective sensing 135 
mechanisms aimed at avoiding fatal germination, with maximum germination 136 
near the soil surface. 137 
2) Large-seeded species show less depth-induced seed mortality than small-seeded 138 
species due to the trade-off for a few large protected seeds vs. many small 139 
unprotected seeds. 140 
3) Large-seeded species are expected to have higher seedling emergence when 141 
buried than small-seeded species due to their greater reserves. 142 
 143 
 144 
2. Methods 145 
 146 
 147 
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The 13 species used in this study form a gradient in seed mass from 0.01 to 5.99 mg 148 
(Table 1), and their seed sizes covered approximately 90% of the range of herbaceous 149 
species growing in grasslands and old cereal croplands of central Spain (Sanchez et al. 150 
2002, see Appendix A). For each species, seeds were collected in summer (July) from at 151 
least five populations in grasslands and old fields in the San Agustin de Guadalix 152 
municipality, 50 km north of Madrid (40°38'N, 3°70'E). Seeds were stored in paper 153 
bags in darkness at room temperature (approx. 20ºC) for 4 months, until the start of the 154 
germination and seedling emergence experiments. Dry storage at room temperature 155 
allowed the seeds with physiological dormancy to after-ripen (Baskin and Baskin 2001). 156 
This is a common practice in germination experiments with seeds that require exposure 157 
to high summer temperatures before they can germinate annually in autumn (Baskin and 158 
Baskin 1982; Traba et al. 2004; Bretzel et al. 2009; Rivera et al. 2012). 159 
 160 
 161 
2.2. Seed germination experiment 162 
 163 
Five replicates of 20 clean, full intact seeds per species were placed in nylon bags, 164 
which were then placed in 20x30 cm trays containing a 5 cm vermiculite layer. The 165 
bags were covered with a 0, 1, 2, 3 or 4 cm layer of fine sand of 250 µm  in diameter. 166 
The trays were left in a greenhouse for 8 weeks and watered every second day. The 167 
mean minimum and maximum temperatures recorded in the greenhouse during this 168 
period were -1.2 and 28.9 ̊C. At the end of the experiment, we counted germinated, dead 169 
(empty or rotten) and intact non-germinated seeds, and for each replicate, we calculated 170 
percentage germination (number of germinated seeds / (number of germinated + intact 171 
seeds) and the percentage mortality (number of dead seeds/20).  172 
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 173 
 174 
2.3. Seedling emergence experiment 175 
 176 
In this experiment we used newly-germinated seedlings (hereinafter referred to as 'pre-177 
germinated seedlings') to determine the effect of burial depth on the pre-emergence 178 
phase from the germination phase. Seeds were placed in Petri dishes on filter paper 179 
sitting on a vermiculite base, and left in a growth chamber with a light and temperature 180 
regime characteristic of September (22 °C/16 hours of light and 18 °C/8 hours of 181 
darkness) with a relative humidity of about 80%. Some seeds required pre-germination 182 
treatment (i.e Anthyllis lotoides, Brassica barrelieri, Rumex acetosella, Spergularia 183 
purpurea, Trifolium cherleri and Tuberaria guttata were scarified, and those of 184 
Andryala integrifolia cold stratified). Scarification consisted of gently rubbing the seeds 185 
on a flat piece of fine grain sandpaper. Cold stratification involved leaving the seeds on 186 
a moist substrate at 5ºC for 15 days until they were incubated at 22/18 ºC. Low numbers 187 
of pre-germinated seedlings of Thapsia villosa excluded this species from the 188 
emergence experiment. Seedlings with 2 mm long radicles (ISTA, 2011) were 189 
transplanted to PVC tubes and buried at different depths. Seedlings that did not meet 190 
this requirement were rejected. For each species, five replicates of four seedlings were 191 
buried at depths of 1, 2, 3 and 4 cm in the chosen substrate. Prior to transplanting 192 
seedlings, the silty substrate from the study area was sterilized and packed into PVC 193 
tubes (5 cm diameter x 20 cm length)..  The PVC tubes were put in a Phytotron for 3 194 
weeks with a daily regime of 16h of light at 22º C and 8 h of darkness at 16º C. The 195 
samples were kept moist throughout the period. At the end of the experiment, the 196 
number of emerged seedlings were recorded and used to calculate percentage 197 
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emergence (number of emerged seedlings / number of pre-germinated seedlings). At the 198 
end of the experiment, the tubes were checked for live seedlings that had not emerged. 199 
 200 
 201 
2.4. Statistical analysis 202 
Binomial models with logit link (Crawley et al. 2005) were used to analyse the 203 
relationship between seed germination, seed mortality and seedling emergence 204 
percentages as response variables, and seed mass and burial depth as explanatory 205 
variables. Seed mass was log-transformed. When significant interactions between seed 206 
mass and depth were detected, the analysis of the effect of depth on the response 207 
variables was done for small and large seeds separately (seed mass <0.28 mg or ≥0.28 208 
mg, respectively, see Appendix A, for median seed mass distribution of the herbaceous 209 
species in the study area, Fig A.1). In these cases, we used mixed binomial models with 210 
“species” as a random factor. All the statistical analyses were done with R.3.1.2 (R 211 
Development Core Team 2014). R software package lme4 was used for Mixed Effects 212 
models (Bates et al., 2014). 213 
 214 
 215 
3. Results 216 
The percentages of seed germination, seed mortality and seedling emergence were 217 
highly variable between species, ranging from 1.2 to 98% for seed germination, from 0 218 
to 47 % for seed mortality and 0 to 97% for seedling emergence (Table1). The effect of 219 
burial depth on seed germination and seed mortality depended on seed size (see Table 2 220 
a, d for significant interactions). Although all species showed a decrease in germination 221 
with burial depth, this decrease was higher in the case of small- than large-seeded 222 
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species (regression coefficients of -0.64 and -0.19, respectively, Table 2 b, c and Fig. 1). 223 
Seed mortality was in general very low, but it was lower for large- than for small-seeded 224 
species (18±19 and 7±13 for small- and large-seeded species, respectively, Fig 2). Seed 225 
mortality was not dependent on burial depth for either species groups (Table 2 e, 226 
f).Percentage of emergence of pre-germinated seedlings was very low in small-seeded 227 
species compared to large-seeded ones (3±16 and 60±39, respectively), and it tended to 228 
decline with depth in both cases (Table 2 g, Fig 3).  229 
 230 
 231 
4. Discussion 232 
4.1. Effects of burial depth on seed germination and mortality 233 
 234 
We found an overall decrease in the percentage germination with increasing burial 235 
depth, but this decrease was higher for small- than large-seeded species, which supports 236 
our first hypothesis. This pattern could be explained by the positive relationship that has 237 
been found between seed size and seedling size (Leishman et al. 2000, Lahoreau et al. 238 
2006), which is responsible for small seedlings being less likely to survive in 239 
competition with established plants and to emerge from deeper soil than large seedlings 240 
(Pearson et al. 2002). It is thus reasonable to assume that small-seeded species are 241 
subject to selection pressure to develop gap-detection mechanisms such as light 242 
sensitivity, which can be used by the seed to distinguish between “soil surface” or 243 
“buried” (Woolley and Stoller 1978, Benvenutti 1995), or temperature fluctuation 244 
sensitivity, which provides further information about the burial depth (Thompson and 245 
Grime 1983). For example, germination experiments in the dark and light have shown 246 
that germination becomes less dependent on light with increasing seed mass, even when 247 
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considering phylogenetic independent contrasts, which suggest that light response and 248 
seed mass coevolved (Milberg et al. 2000).. Furthermore, although the seed mass range 249 
in this study was larger than the one used in our germination experiment, 90% of their 250 
species are included in our range of seed mass. Liu et al. (2013) found that small-seeded 251 
species (less than 1 mg) were more likely than large-seeded species to respond 252 
positively to fluctuating temperatures in germination experiments. Our results also 253 
concur with those of Rivera et al. (2012) for 10 annual Mediterranean species with seed 254 
mass ranging from 0.02 to 1.68 mg and buried at different depths in topsoil stockpiled 255 
for 6 months. These authors also found a negative relationship between percentage 256 
germination and the presence of light or diurnal temperature fluctuation responses, as 257 
gap-detection mechanisms in small-seeded species.  258 
 259 
Our second hypothesis also was supported by the results of the germination experiment, 260 
as seed mortality was lower in large-seeded than small-seeded-species. However, seed 261 
mortality was generally very low. Lower seed mortality for large-seeded species than 262 
for small ones was also found by Rivera et al. (2012) in topsoil stockpiles. Several 263 
reasons for this result have been suggested, such as the higher investment of large-264 
seeded species in their seed coats, which protect them from pathogen attack (Crist and 265 
Frieser 1993; Baskin and Baskin 2001) or from olfactive detection by granivores 266 
(Paulsen et al. 2014). However, contrary to Rivera et al. (2012), we only found a 267 
marginal effect of burial depth on seed mortality for large-seeded species, probably due 268 
to the longer burial periods and higher burial depths explored in their experiment.  269 
 270 
 271 
4.2. Effects of burial depth on seeding emergence 272 
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 273 
Our third hypothesis also was supported. The emergence of pre-germinated seedlings 274 
was very low in small-seeded species compared to large-seeded, and it tended to decline 275 
with depth. Furthermore, almost none of the small-seeded species were able to emerge 276 
if buried below 2cm of soil, as shown in a previous study (Traba et al. 2004). One might 277 
argue that the result of this emergence experiment could be explained by a lower 278 
relative growth rate of seedlings from small-seeded species in relation to large ones, but 279 
our own observations and evidence in the literature permit this argument to be 280 
disregarded for the following reasons. In this experiment, we did not measure the 281 
relative growth rate of pre-germinated seedlings, but we did check the number of live 282 
seedlings that had not emerged at the end of the three week experiment. This number 283 
was lower than or equal to 2 seedlings for the majority of species, except for the heavier 284 
seeded species, Anthyllis lotoides (14 seedlings) and Trifolium cherleri (5 seedlings). 285 
We may thus disregard the possibility that small-seeded species did not have time to 286 
emerge   from depth in the course of the experiment. Furthermore, other studies suggest 287 
that there is a higher relative growth rate of seedlings from small-seeded species than 288 
large ones (Leishman et al. 2000. Small-seeded species produce seedlings that are more 289 
susceptible to physical damage, which can contribute to the high mortality, even when 290 
pre-germinated seedlings are buried at shallow depths (Grundy et al. 2003) 291 
 292 
Our results are in line with other experiments using pre-germinated seedlings 293 
that permit the separation of the effect of burial depth on the pre-emergence phase from 294 
the germination phase (Bond et al. 1999, Grundy et al. 2003). Although seedling 295 
emergence for large-seeded species was higher than for small-seeded species in our 296 
experiment, large-seeded species only comprise a small fraction of the seed banks in 297 
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annual Mediterranean grasslands due to the general trade-offs between seed mass and 298 
seed number (Venable 1992). and the greater ability of small-seeded species to form 299 
persistent seed banks, even for seed masses similar to those in our experiment (Peco et 300 
al. 2003). Furthermore, large-seeded herbaceous species would probably be unable to 301 
emerge after germinating at deeper layers than those tested in our experiment, 302 
considering that the emergence percentage decreases with a regression coefficient of -303 
0.27. In other words, on the basis of our experiment, we can predict emergence 304 
percentages close to 0 at depths of more than 10cm. This can have important 305 
implications for restoration ecology. Similar declines in seedling emergence of 306 
herbaceous species with burial depth have been found in weed species with seed masses 307 
ranging from 11.41 to 0.08 g (Benvenuti et al. 2001). These authors found that weed 308 
emergence in arable systems only occurs in the upper 10 cm of soil, with clear 309 
implications for weed management. 310 
 311 
 312 
5. Conclusions and implications for restoration projects 313 
 314 
Seed mass can be used as a predictor of seed germination and seedling emergence in 315 
relation to burial depth in Mediterranean annual species. Our results show that small-316 
seeded annual species, the majority component of the seed banks, do not germinate or 317 
emerge when buried deeper than 2cm. Therefore they cannot contribute to the 318 
vegetation recovery when deep layers of topsoil are spread on bare ground. Even in 319 
large-seeded species, the germination percentage declines with burial depth, and, 320 
although their seedling emergence is higher than small-seeded species, large-seeded 321 
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herbaceous species probably cannot emerge when germinating at depths greater than 322 
10cm.  323 
 324 
The results of this experiment suggest that the current practice of spreading 30 cm deep 325 
layers of topsoil in restoration projects connected with construction of roads and 326 
railways is inappropriate. Thinner layers of topsoil should be used to promote the 327 
maximum potential of the topsoil for germination and seedling establishment. 328 
Furthermore, a viable seed content very small below the first 3-5cm of topsoil (Fenner 329 
and Thompson 2005; Traba et al. 2006) also suggests that a thin layer could be used 330 
instead of the usual 30-40 cm of topsoil spread for restoration purposes. In an 331 
experimental study of topsoil handling for restoration of Banksia woodlands in 332 
Australia, Rokich et al. (2000) also recommended the spread of topsoil to a maximum 333 
depth of 10cm in order to optimize revegetation. Nevertheless, the use of deep layers of 334 
topsoil also can be recommended if the restoration is aimed at improving the soil 335 
texture, penetrability or nutrients, although in this case, the shallow and deep topsoil 336 
layers should be managed independently and the vertical layer's structure should be 337 
regenerated (Bulot et al 2014). 338 
 339 
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Table 1 Seed mass and seed germination, seed mortality and seedling emergence percentages (mean ± sd) of the species used in the 543 
experiments. The percentages were calculated for each replicate and burial depth treatment before the calculation of the mean and sd for all 544 
the treatments The total number of live seedlings that did not emerge are also included. ND: no data.  545 
Species Family Seed mass  
(mg) 
Germination 
(%) 
Mortality 
(%) 
Emergence 
(%) 
Live seedlings 
number 
Andryala integrifolia Asteraceae 0.19 59.2±21.7 47.6±15.7 0.0±0.0 0
Anthemis arvensis Asteraceae 0.72 38.3±35.4 19.8±13.7 16.3±23.3 2
Anthyllis lotoides Leguminosae 1.23 4.6±4.6 1.0±2.5 75.0±35.4 14
Brassica barrelieri Brassicaceae 0.74 9.6±9.1 0.2±1.0 73.3±30.6 0
Bromus hordeaceus Poaceae 0.61 97.8±5.6 0.0±0.0 97.2±8.1 0
Filago lutescens Asteraceae 0.02 33.1±34.1 7.8±8.8 5.0±19.4 0
Plantago coronopus Plantaginaceae 0.16 80.3±26.9 2.0±3.2 1.3±5.6 0
Rumex acetosella Polygonaceae 0.36 9.5±11.7 4.6±6.1 16.3±36.5 1
Spergularia purpurea Caryophyllaceae 0.02 59.8±33.6 32.0±21.5 0.0±0.0 1
Tapsia villosa Umbelliferae 5.99 67.2±28.7 23.2±16.5 ND ND
Tolpis barbata Asteraceae 0.10 33.6±34.4 16.4±12.3 2.5±7.7 2
Trifolium cherleri Leguminosae 1.55 1.2±2.2 0.4±1.38 59.8±34.2 5
Tuberaria guttata  Cistaceae 0.04 5.4±7.6 17.0±9.7 0.0±0.0 1
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Table 2. Parameter estimates and significance levels for the fitted binomial models for  546 
seed germination, seed mortality and seedling emergence percentages. Small seeds: seed 547 
mass<0.28 mg, large seeds: seed mass≥0.28mg. The seed mass cut-off point is the 548 
median of the seed mass distribution of Fig A.1. 549 
 550 
 B SE(
B) 
z-value P 
a) Germination      
     
Log seed mass -2.64 0.29 -9.22 <0.001
0.127.67<0.001Burial depth 
 
-0.59 0.03 -18.74 <0.001
b) Germination (only small 
seeds)0.92 
Seed mass x Burial depth 
    
Burial depth -1.18 0.05 -21.64 <0.001
 
c) Germination (only large seeds)     
Burial depth -0.45 0.05 -9.45 <0.001
 
d) Mortality     
     
Log seed mass -3.15 0.50 -6.28 <0.001
Burial depth -0.04 0.04 -1.18 0.237
Seed mass x Burial depth 0.51 0.19 2.77 <0.01
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e) Mortality (only small seeds)     
Burial depth 0.01 0.03 0.07 0.944
 
f) Mortality (only large seeds)     
Burial depth 0.10 0.06 1.89  0.058
 
g) Emergence      
     
Log seed mass 13.19 2.50  5.28 <0.001
Burial depth -0.37 0.20 -1.87 0.062
Seed mass x Burial depth 0.16 0.96 0.17   0.864
     
     
 551 
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Figure captions 552 
 553 
Figure 1. Relationship between seed germination and burial depth. Species classified by 554 
seed mass (circles: small seeds, seed mass < 0.28 mg; triangles: large seeds, seed mass 555 
≥ 0.28 mg). The seed mass cut-off point is the median of the seed mass distribution 556 
shown in Fig A.1. 557 
 558 
Figure 2. Relationship between seed mortality and burial depth. Species classified by 559 
seed mass (circles: small seeds, seed mass < 0.28 mg; triangles: large seeds, seed mass 560 
≥0.28 mg). The seed mass cut-off point is the median of the seed mass distribution 561 
shown in Fig A.1. 562 
 563 
Figure 3. Relationship between seedling emergence and burial depth. Species classified 564 
by seed mass (circles: small seeds, seed mass < 0.28 mg; triangles: large seeds, seed 565 
mass ≥ 0.28 mg). The seed mass cut-off point is the median of the seed mass 566 
distribution of Fig A.1. 567 
 568 
Figure A.1. Histogram of seed mass for the 118 most abundant herbaceous species in 569 
the northern part of the Madrid region (data taken from Sanchez et al. 2002)  570 
